High temperature solid oxide fuel cells (SOFCs) offer an environmentally friendly technology to convert gaseous fuels such as hydrogen, natural gas or gasified coal into electricity at high efficiencies. Besides the efficiency, higher than those obtained from the traditional energy conversion systems, a fuel cell provides many other advantages like reliability, modularity, fuel flexibility and very low levels of NO x and SO x emissions. The high operating temperature (950-1000 °C) used by the current generation of the solid oxide fuel cells imposes severe constraints on materials selection in order to improve the lifetime of the cell. Besides the good electrical, electrochemical, mechanical and thermal properties, the individual cell components must be stable under the fuel cell operating atmospheres. Each material has to perform not only in its own right but also in conjunction with other system components. For this reason, each cell component must fulfill several different criteria. This paper reviews the materials and the methods used to fabricate the different cell components, such as the cathode, the electrolyte, the anode and the interconnect. Some remarkable results, obtained at IPEN (Nuclear Energy Research Institute) in São Paulo, have been presented.
Introduction
Fuel cells operate by an electrochemical combination of a fuel with an oxidant without hot combustion. This is achieved by placing an electrolyte between two electrodes in contact with the fuel and the oxidant, respectively. An ideal electrolyte can conduct ions, but no electrons, in order to combine the fuel (e.g. hydrogen) with the oxidant (e.g. air). In a fuel cell, the oxygen has to be reduced to oxygen ions at the cathode side of the electrolyte so that they can be transported by ionic conduction through the electrolyte. At the anode side of the electrolyte, the oxygen ions combine with the hydrogen producing water and electrons 1 . The driving force will be the oxygen gradient in the oxidant gas (air) and the fuel gas mixture with low partial oxygen pressure. In the case of a proton conducting electrolyte, hydrogen ions migrate through the electrolyte from anode to cathode. The external circuit, that transports the electrons released at the anode side by hydrogen oxidation, supplies the electrons for oxygen reduction reaction at the cathode side.
Solid oxide fuel cells have been known for more than 60 years and were first created by Bauer and Preis in 1937. However the development of practically usable SOFCs only started in the beginning of the 1960's 2 . The use of only solid materials requires less maintenance and, in general, simplifies the operation. As the electrolyte is solid, the layers can be thinner. Thus, the solid oxide fuel cells can be more compact than those that use liquid electrolytes.
Another advantage of the SOFCs is that as they operate at higher temperatures, in comparison to the other types of fuel cells, there is no need of expensive noble metal catalysts at the electrodes. The high temperature allows the use of the waste heat for room heating (small units) or the generation of electricity by steam turbines cogeneration (larger plants) 1 . One disadvantage of the SOFCs is that they are more prone to mechanical failure that can short out individual cells, resulting in hot combustion of the fuel and leading to lower efficiency. Rapid start up of a solid oxide fuel cell results in high thermal stresses caused by large thermal gradients within the fuel cells. To use commercially the solid oxide fuel cells, all these problems have to be overcome.
Because of the high operating temperatures of the present SOFCs (approximately 1000 °C), the materials used in the cell components are limited by chemical stability in oxidizing and reducing atmospheres, chemical stability in contact with the other materials (interfaces), conductivity and thermomechanical compatibility.
The state-of-the-art electrolyte material for SOFCs is yttria-stabilized zirconia (YSZ) 1, 3 . Thin electrolytes have been used to lower the ohmic losses as all suitable materials for fuel cells have low ionic conductivities. On the other hand, the use of thin electrolytes results in others problems. In order to achieve high efficiency, the electrolyte must be dense and free of cracks. The most common anode material is a cermet of metal nickel and YSZ 1, 4, 5 . Nickel has a large mismatch in thermal expansion compared to the YSZ used in the electrolyte, preventing the use of a whole nickel electrode. The cermet both reduces/prevents thermal mismatch between the nickel and the YSZ and produces a large three phases boundary. One problem caused by the use of the cermets is the nickel sintering over time, that reduces the active surface of the electrode 3 . However, this can be minimized by control of the grain size and microstructure of the cermet.
Strontium doped-lanthanum manganite (LSM) is the preferred material for cathode application 7, 8 . This material is able to operate as an air electrode under an oxidizing environment of air or oxygen at ~1000 °C. The main characteristics required are high electronic conductivity, chemical and dimensional stability under the cell environments during the operation, thermal expansion match with other cell components and sufficient porosity to facilitate the transport of molecular oxygen from the gas phase (air) to the electrode/electrolyte interface 6, 8 . Lanthanum chromite (LaCrO 3 ) is particularly an attractive material as interconnect for solid oxide fuel cells (SOFCs) because of the good electronic conductivity in air, reasonable conductivity in the fuel atmosphere, good stability in the fuel cell environment and compatibility with other fuel cell components. Interconnect provides electrical connection among the individual cells and acts as gas barrier among them. A primary requirement for potential interconnect materials is the density that has to be high enough to prevent cross leakage of fuel and oxidant gases 1, 5 . The SOFC Program has been developed for a short time at IPEN, but remarkable results, obtained from performance and interaction studies of the SOFC components, may provide interesting contributions to the materials development for fuel cells applications and also to further developments at the Institute.
Studies and Developments in SOFC Experience at IPEN
A solid oxide fuel cell essentially consists in two porous electrodes separated by a dense oxygen ion conducting electrolyte. The materials of the different cell components have been selected based on the following criteria: suitable electrical conducting properties; adequate chemical and structural stability at high temperatures during the cell operation as well as during the cell fabrication; minimal reactivity and interdiffusion among the different cell components; and matching thermal expansion among the different cell components.
In addition to the above materials selection criteria, synthesis and fabrication processes have been investigated by the IPEN Fuel Cell Researchers Group. These are discussed below for the different cell components.
Cathode (Air Electrode)
The perovskite-type strontium-doped lanthanum manganites have been studied as the most promising candidate material for the of SOFCs cathode [8] [9] [10] [11] [12] . With operating temperature up to 1000 °C in air or oxygen atmosphere, the cathode material has to fulfill the following requirements: high electron conductivity, thermal and chemical stability, compatibility with the solid electrolyte, sufficient porosity and good adherence at the surface of the electrolyte 13 . Many results [12] [13] about synthesis processes of Sr-doped lanthanum manganites have been published. In our investigations, La (1- (Fig. 2a) shows small voids while the sample sintered at 1500 °C (Fig. 2b) shows large voids among aggregated lumps.
A literature study 7, 11 has proposed that the difference between Sr-doped lanthanum manganites and YSZ coefficients is not larger than 2.6 × 10 -6 deg -1
. Coated films with 57 ± 0.3 µm of thickness were measured by SEM and microstructural investigation of these multiple coatings shows pore shape and size (Fig. 3) . The mean pore size is in the range of 1.6 to 2.6 µm.
Remarks: La 0.60 Sr 0.40 MnO 3 composition has been obtained in the Fuel Cell Program at IPEN with adequate structural and electrical specifications for use as cathode in solid oxide fuel cell. Cathode-electrolyte interface interactions have been studied with good results.
Electrolyte
Cubic stabilized zirconia (CSZ) is a pure oxygen ion conductor and the most common material used for solid oxide fuel cell electrolyte due to its availability and rela- tively low cost 15 . To achieve a good performance, powders have been synthesized by the coprecipitation route 16 , using aqueous solutions of zirconium and yttrium pure salts or yttrium concentrates, mixed in the desired proportions. The use of yttria concentrates has been studied to reduce the product cost. The reaction is carried out with ammonia solution. To eliminate hard agglomerates the precipitate is filtered, washed with water and treated with organic solvents by azeotropic distillation. The mixed hydroxides are dried at 80 °C and calcined at 800 °C resulting in small particles grouped in soft agglomerates as is shown in Fig. 4a . The powders are pressed in cylindrical ceramic bodies and sintered at 1500 °C for 1 h. Figure 4b shows a SEM micrograph of a thermally etched, CSZ ceramic with 9 mol % of yttria with cubic grain size at about 4 µm. The achieved ionic conductivity of this sintered product is near to 1.3 Ω -1 cm -1 at 1000 °C.
Remarks: Sintered cubic stabilized zirconia with electrical specification for SOFC electrolytes was obtained.
Anode (Fuel Electrode)
The YSZ-Ni powders preparation has been investigated by two different routes, mechanical mixing of oxide powders 17 and a coprecipitation of metal salt solutions 18 . In the first process, a commercial NiO powder and a zirconia-yttria prepared by the same process adopted for the electrolyte were used. The NiO powder was ground to about 1 µm, approximately the same size of the YSZ powder. Both powders were mixed in an agate mortar and the produced powders were characterized by scanning electron microscopy. The surface area and the particle size were measured using the BET technique and the laser diffraction method, respectively. Figure 5a shows a typical ZrO 2 -Y 2 O 3 -NiO powder. These powders were then pressed as cylindrical pellets that were sintered at 1600 °C for 4 h. Zirconia with 8 mol% yttria was chosen for this work, while the Ni content was in the range of 20 to 75 wt%. Figure 5b shows the SEM micrograph of a thermally etched YSZ-NiO composite with 54 wt.% NiO. Dark gray grains (NiO-rich phase) are large, indicating a fast grain growth, and the light gray grains are ZrO 2 rich phases.
The coprecipitation process consists in a preparation of metal salt aqueous solutions that are mixed with the appropriate proportions in an experimental apparatus. This mixed solution is sprayed in an ammonium hydroxide solution. The precipitate is then set to sedimentation and the concentration of remaining cations in the supernatant is analyzed by ICP spectrometry to determine the process yield. The precipitate is filtered and submitted to the same process of the electrolyte preparation. The ceramic powder is pressed as cylindrical pellets. The NiO phase must be reduced to form a continuous Ni metal phase. The reduction process is done with a hydrogen/argon gaseous mixture in a system assembled in a high temperature tube furnace.
Interconnect
Few oxide systems have been considered as SOFC interconnect material due to the stringent requirements for this fuel cell component. Lanthanum chromite (LaCrO 3 ) is particularly suitable because of the high electronic conductivity under fuel and oxidant atmospheres, stability in the fuel cell environment and compatibility with other cell components. A primary requirement for potential interconnect materials is the high density to prevent cross leakage of fuel and oxidant gases.
It is well known that the LaCrO 3 is difficult to sinter to high densities under high oxygen activity conditions. The poor sinterability of LaCrO 3 in air or oxidizing atmospheres has been ascribed to the formation of a thin layer of Cr 2 O 3 (from CrO 3 gases) at the inter-particle neck, during the ini- tial stage of sintering. Because of the high volatility of chromium oxides, in order to sinter LaCrO 3 to high densities, firing temperatures higher than 1660 °C under low oxygen partial pressures have been currently used 19 . The densification process has been improved by the use of sintering additives or powders which are highly reactive (high surface area) 19, 20 . At IPEN, the research on interconnect materials has been focused on two different synthesis routes using two kinds of starting materials, national and imported ones. In addition it has been studied the influence of the sintering additives on the final properties of the LaCrO 3 .
Lanthanum chromite with 30 mol% cobalt (LaCr 0.7 Co 0.3 O 3 ) has been synthesized by two different methods: the conventional mechanical mixing of the powders and the combustion reaction.
XRD patterns of as-synthesized powders showed peaks of the LaCr 0,7 Co 0.3 O 3 crystalline phase, that were related to both routes studied.
LaCr 0.7 Co 0.3 O 3 powders, resultant from the mechanical mixing route and after the calcination treatment, presented agglomerate size of 1.29 µm (sample A) and 1.44 µm (sample B) for pure and concentrated oxides, respectively. For powders obtained by the combustion reaction synthesis, the agglomerate size was 7.38 µm (sample C). Studies on combustion synthesis process 21 have been attributed this difference to the related energies during the chemical reactions. The SEM micrograph of the sample (Fig. 6 ) reveals agglomerates constituted by interconnected nanoparticles.
The density values of the samples A, B and C, sintered at 1500 °C for 3 h in air atmosphere, were 99.1, 98.4 and 85.8 % of the theoretical density, respectively. The difference in the density values reveals that the synthesis process interferes markedly on final properties of the sintered material. The greatest density difference arises from the agglomerated primary particles of the powders synthesized by combustion reaction. SEM micrographs of the polished and thermally etched surfaces of the sintered samples (Fig. 7) show an homogeneous and uniform microstructure for the ceramic obtained from powders prepared by mechanical mixing (Fig.7a) and reaction combustion route (Fig. 7b) .
The electrical resistivity measurements of the LaCr 0.7 Co 0.3 O 3 pellets were performed by the two points technique. The resistive electrical behavior as a function of the temperature of the samples synthesized by the different synthesis processes routes reveals the influence of the sintered density. The samples A and B have presented resistivity values (at 250 °C in air atmosphere) of 1.86 and 1.97 Ω.m, respectively; while the sample C (combustion reaction process) showed 0.8197 Ω.m at the same measurement conditions. Remarks: Both synthesis routes are able to produce LaCr 0.7 Co 0.3 O 3 powders that result in ceramics with high densities and adequate electrical characteristics for inter- connect fuel cells applications. However the combustion reaction method with the optimized variables may result in a simpler, faster and more economic route to produce a homogeneous powder with nanometric dimensions.
Summary: In this paper materials and their synthesis processing investigated at IPEN in a SOFC research program has been reported. The aim of the project is stationary electric power generation. The materials studied were yttriastabilized zirconia (YSZ) as the electrolyte, strontium-doped manganite as the cathode, nickel-YSZ cermet as the anode and cobalt-doped lanthanum chromite as interconnect. These materials have been used in the most SOFC systems known for operating temperatures around 1000 °C. The future direction of this program deals with the ceramic processing technology of a planar SOFC stack, where the electrolyte or the anode ensures the mechanical stability of the cells. Slurry deposition techniques and co-firing processes have been investigated for this purpose.
